We describe a new assay system that allows a rapid, direct, and quantitative detection of promoter-dependent in vitro transcription by RNA polymerase II. The template used is a hybrid plasmid containing the adenovirus major late promoter linked to a synthetic 400-base-pair DNA fragment that lacks cytidine residues on the transcribed strand-i.e., generates a transcript with no guanosine residues. In vitro transcriptions are carried out in the absence of GTP or, if the reactions contain GTP, in the presence of RNase Ti and the chain terminator 3'-O-methyl-GTP. Under these conditions the only RNAs that can accumulate, whether from a circular or linearized DNA template, are the 400-nucleotide RNase T1-resistant transcripts resulting from accurate initiation at the major late promoter. Thus, specific transcription can be directly monitored by conventional RNA quantitation methods. Using this fast assay, we show that three basic transcription factors, TFIIB, TFiID, and TFHE, are absolutely required, in addition to the RNA polymerase II, for specific transcription initiation from the adenovirus major late promoter. Units of activity can be defied for each of these individual components. The applicability of this kind of assay to other systems is discussed.
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A major breakthrough for investigations of eukaryotic transcriptional control has been the development of soluble cell-free systems that mediate accurate transcription initiation on purified genes by RNA polymerase II in vitro (1) (2) (3) . Initial chromatographic fractionations revealed a requirement for several protein factors in addition to the RNA polymerase (4) (5) (6) (7) . While some of these transcription factors are likely to be common to all class II promoters, the expression of some genes requires different and/or additional factors (8) (9) (10) . Previous studies performed with either crude extracts or semipurified factors (11) (12) (13) (14) (15) have identified several steps in the initiation process. However, a better understanding of the mechanisms involved awaits the total purification of the different transcription factors.
One of the major difficulties in purifying these proteins has been the lack of a fast, quantitative assay. In vitro transcription products have to be analyzed by gel electrophoresis in order to distinguish those transcripts resulting from accurate initiation at specific promoters from all of the other RNA species (resulting, for example, from random initiation, initiation at the ends of the DNA molecules, or initiation at "TATA" box-like sequences in the vector DNA). Such a time-consuming assay also necessitates freezing and thawing at successive steps during the purification procedure, and this is often deleterious to enzymatic activities. In addition, the assay is not easily amenable to rigorous quantitation. To alleviate these problems, we recently constructed a hybrid plasmid in which the internal sequences of the adenovirus major late (ML) transcription unit were replaced by a DNA fragment lacking cytidine residues on the transcribed strand. With this template, the specific transcripts initiated from the ML promoter can be quantitated directly: they are the only long transcripts synthesized in the absence ofGTP, or if GTP is present, the only long RNase Tl-resistant transcripts. We show here how this rapid and quantitative assay can lead to a more enzymological approach to the analysis of specific transcription initiation, and we show clearly the requirement for three distinct (partially purified) factors for transcription from the adenovirus ML promoter.
MATERIALS AND METHODS
Reagents. HPLC-purified ribonucleoside triphosphates were purchased from ICN; 3'-O-methyl-GTP, from P-L Biochemicals; and labeled nucleotides, from New England Nuclear. Polyethylene glycol 8000 was from Sigma, and RNase T1 was from P-L Biochemicals. Pentex bovine serum albumin (crystallized form) was purchased from Miles and was purified further by passage through a phosphocellulose column.
Transcription Factors and RNA Polymerase II. HeLa cell transcription factors IIB, IID, and HIE (TFIIB, TFIID, and TFIIE) were purified from nuclear extract (3) as described (15) (16) (17) with the following modifications: salt gradients, rather than steps were used to elute TFIIB from the singlestranded DNA-agarose (Bethesda Research Laboratories) column (0.1-0.6 M KCl gradient, 5-column volumes) and TFIID from the DEAE-cellulose column (0.1-0.3 M KCl gradient in the presence of 0.1% Tween 40, 5-column volumes). After elution from DEAE-cellulose, TFIIE was precipitated by addition of 3 volumes of 3.8 M ammonium sulfate and was chromatographed through a gel-filtration column (Bio-Gel A-1.5m, Bio-Rad) which was developed with the standard buffer (20 mM Tris, pH 7.3, at 200C/0.1 mM EDTA/20% glycerol/5 mM 2-mercaptoethanol/0.2 mM phenylmethylsulfonyl fluoride) containing 0.4 M KCI. For each factor, the active fractions from the last column were pooled and dialyzed to decrease the salt concentration to 0.1 M KCl after addition of bovine serum albumin (0.5 mg/ml). RNA polymerase II from mouse plasmacytoma MOPC 21 tumors (18) was purified to homogeneity by a procedure similar to that described by Bitter (19) . The final preparation was estimated by NaDodSO4/gel analysis to be primarily the IIA form (18) (20) .
In Vitro Transcription Assays.* Transcription reactions (25 made DNA fragment, about 400 base pairs (bp) long, whose random sequence has the average composition (C2, A, T).-(G2, T, A)". The pML(C2AT) plasmids were constructed by inserting the ML promoter sequences from position -400 to +10 in front of the guanosine-free cassette. (A more detailed description of the construction of these plasmids will be published elsewhere.)
In Vitro Transcription of p(C2AT) and pML(C2AT). Except for the ML promoter sequences, the p(C2AT) plasmids contain the same sequences as the homologous pML(C2AT) plasmids; hence, they provide the ideal control for monitoring nonspecific incorporation. Among the several clones constructed, p(C2AT)19 and pML(C2AT)19 were selected for giving the lowest background of nonspecific transcription. Fig. 1B shows the analysis by gel electrophoresis of the transcripts synthesized in vitro from these two templates. With p(C2AT)19, high molecular weight transcripts were observed only when all four rNTP substrates were present (lane 3). These transcripts presumably reflect nonspecific initiations and/or initiations at fortuitous promoters in the vector DNA. There was no detectable transcription of the control plasmid in the absence of GTP (lane 1) or in the presence of both RNase T1 and the chain terminator 3'-Omethyl-GTP (added to prevent possible read-through transcription of the guanosine-free cassette) (lane 5). When the pML(C2AT)19 template was transcribed under the same sets of conditions, a discrete-sized RNA was synthesized (lanes 2 and 6, respectively). This RNA had the size expected for a transcript initiated at position +1 of the ML promoter and elongated through the guanosine-free cassette to the first cytidine residue in the vector DNA. [A small percentage of slightly longer transcripts, which was sometimes observed in the absence of added GTP (lane 2), most likely reflected some further elongation due to trace amounts of contaminating GTP in one or several of the reaction components.] The same results were obtained when linearized, rather than circular, templates were transcribed (not shown).
In summary, when the pML(C2AT) template was transcribed either in the absence of GTP or in the presence of RNase T1 and 3'-O-methyl-GTP, the only RNAs that accumulated were the 400-nucleotide-long transcripts resulting from accurate initiation at the ML promoter. Therefore, with this template, specific transcription can be readily quantitated by direct measurement of total RNA synthesized.
The Fast Assay Shows the Same Basic Requirements as the Run-off Assay. Previous studies have shown that four different protein components, TFIIA, TFIIB, TFIIC, and TFIID, in addition to the RNA polymerase II were required for the specific transcription of adenovirus ML promoter (4). By using methods detailed elsewhere (16), the phosphocellulose fraction containing TFIIB can be resolved into two fractions, TFIIB and TFIIE, both of which are required for accurate initiation of transcription. The new assay was compared with the well-studied run-off assay (Fig. 2) ; for this purpose, transcription factors purified more extensively were used (see Materials and Methods and the flowchart in Fig. 2A ). These fractions showed no cross-contamination and were free of RNA polymerase II activity (Fig. 2B ). Both assays indicated that factors TFIIB, TFIID, and TFIIE as well as RNA polymerase II were essential for transcription. The addition of TFIIA had no effect in either assay system (not shown), even though TFIIA stimulates transcription with less-purified (phosphocellulose) fractions about 3-fold (4). TFIIC [poly(ADP-ribose) polymerase], which is known to effect specific transcription in vitro only indirectly by suppressing random initiation at nicks (17) , had no effect on the transcription of the circular pML(C2AT) template. In contrast, a general increase in nonspecific transcription and a concomitant decrease in the specific transcript was observed with Sma I-cut pSmaf template in the absence of TFIIC. acid-precipitable RNA. The background value, determined with a reaction performed in the absence of template, was equivalent to 0.064 pmol of CTP and was subtracted from all of the other numbers. The gel analysis of duplicate reactions is also shown. The reactions with Sma I-cut pSmaf template (20 pug/ml) were analyzed by gel electrophoresis, and the amount of radioactivity incorporated into the specific transcript was determined by cutting and measuring the radioactivity of the bands from the dried gels as described (3) . The results are expressed in pmol of [a-32P]GMP incorporated into the 536-nucleotide-long run-off transcript (heavy arrows) after a 45-min incubation at 30'C. Thin arrows indicate the top of the gels.
The ATP requirement for transcription initiation by RNA polymerase II (11) also was observed with the fast assay procedure: when the nonhydrolyzable analog adenyl-5'-yl imidodiphosphate was used in place of ATP, RNA synthesis was decreased to near background level (Fig. 2) . Addition of dATP, which we showed previously can fulfill in vitro the energy requirement of the reaction (15), partially restored the transcriptional ability of the system in the presence of adenyl-5'-yl imidodiphosphate as the polymerase substrate.
Quantitative Analysis ofthe Specific Transcription Reaction. The fast assay described above provides an easy access to quantitative analysis. Therefore, we established conditions for titrating the activity of each individual component of the reaction. For such an analysis the reaction rate must be linear. Fig. 3A shows the time course of RNA synthesis in the reconstituted system: the reaction did not show the initial lag observed with less-purified fractions (6) or nuclear extracts (3) and was linear for about 60 min with both circular and linear templates. Fig. 3B (Fig. 3B) . This implies that the vector DNA (probably due to the presence of pseudo TATA-box sequences) competes with the ML promoter for some of the transcription components. For a given vector, the extent of this competition should reflect the strength of the specific promoter being titrated. As shown in Fig. 3C , a double-reciprocal plot of specific RNA synthesis versus promoter concentration shows a linear relationship.
This representation allows an extrapolation of the level of transcription that would have taken place at infinite promoter concentration-i.e., when the vector sequences would not compete any more. This "Vmas" value depended upon the concentrations of transcription factors used ( Fig. 3C ; see the Proc. Natl. Acad Sci. USA 82 (1985) Proc. Natl. Acad. Sci. USA 82 (1985) legend for various factor concentrations). However, the apparent "K." that could be derived from the same curves (i.e., the promoter concentration that allows an RNA synthesis equal to half the Vm,,) was independent of the concentrations of transcription factors.
Although not yet tested, this Km analysis might provide a way of comparing the strengths of other eukaryotic promoters if they were cloned into the same vector and titrated similarly.
The dose-response curves for each individual transcription factor and the RNA polymerase are shown in Fig. 4 Fig. 4) . Interestingly, this calculation showed that the point at which the titration curve for a particular factor ceased to be linear corresponded precisely to the point where another component of the reaction became limiting. We verified that when the concentration of this second component was decreased, the break point was decreased proportionally; however, below that point, the curves were identical (data not shown). Therefore, the activity measured for any given factor is independent ofthe concentrations ofthe other components as long as the measurement is made in the linear range.
DISCUSSION
We have constructed a template in which the adenovirus ML promoter directs the synthesis of transcripts that can be directly quantitated in vitro by virtue of their special base composition. In addition to its ease and rapidity, this new assay has the advantage that the template DNA need not be linearized prior to transcription, as is the case in the run-off assay procedure (1) . This avoids artefacts introduced by the presence of DNA ends, which can sequester specific proteins (including RNA polymerases), and the presence of nicks that are often introduced in the DNA during digestion with restriction endonucleases. These nicks (and possibly DNA ends) probably account for the fact that there is a greater dependence upon TFIIC (17) in the run-off assay than in the fast assay with the circular templates (see Fig. 2 ). In addition, in some cases circular versus linear DNA templates display transcription products from circular templates could only be analyzed indirectly by nuclease S1 mapping or primer extension procedures. The actual number of transcription factors required for initiation at the adenovirus ML promoter is still an open question. With crude extracts or semipurified fractions, the presence of inteifering substances can create artificial requirements that will not be present when pure components will be available. As discussed above, this is probably the case for the TFIIC requirement. In this paper we showed an absolute requirement for factors designated TFIIB, TFIID, and TFIIE in addition to the RNA polymerase II. With these more extensively purified factors, the previously described TFIIA fraction (4) is totally dispensable, raising the possibility that TFIIA is not a bona fide transcription initiation factor. Although we know that part of the stimulatory effect observed with crude TFIIA fractions is due to the presence of an RNase inhibitor activity (unpublished observation), it may also be that TFIIA is a required factor and that it copurifies with (and becomes enriched with respect to) one or several of the other components. Alternatively, TFIIA could play an important role in initiation or elongation (e.g., by phosphorylation or any other modification of the basic factors) without being directly involved in the transcription initiation process. Recently, Egly et al. reported that purified TFIIA contains actin (24) , and other recent findings indicate that nuclear actin might be involved in transcriptional events in vivo (25) .
The new assay procedure provides immediate access to quantitative analysis of specific transcription reactions in vitro. We have shown that the concentration of the basic components required for initiation at the adenovirus ML promoter can be easily quantitated. The same approach should be generally applicable for similar analyses of other genes. In instances where internal guanosine residues cannot be removed (as for class III genes, where the promoter is internal), the presence of GTP in the reaction might increase the background of RNase Ti-resistant transcripts resulting from nonspecific initiations upstream of the guanosine-free cassette. However, it should be possible to reduce this background by controlling random initiations at nicks (17) , by competing with additional nonspecific templates (such as synthetic homopolymers), or by impeding transcription readthrough by interposing a terminator or a (bacterial) repressorbinding site (26) . Obviously, other constructions based on the principle established here are also possible. The method should prove to be generally useful by allowing rapid screening of assay conditions or search for regulatory components. It also will be extremely helpful in the purification of transcription factors, since precise quantitation of specific activities and yields is essential in establishing efficient chromatographic procedures.
